Abstract Current approaches for segmental bone defect reconstruction are restricted to autografts and allografts which possess osteoconductive, osteoinductive and osteogenic properties, but face significant disadvantages. The objective of this study was to compare the regenerative potential of scaffolds with different material composition but similar mechanical properties to autologous bone graft from the iliac crest in an ovine segmental defect model. After 12 weeks, in vivo specimens were analysed by X-ray imaging, torsion testing, micro-computed tomography and histology to assess amount, strength and structure of the newly formed bone. The highest amounts of bone neoformation with highest torsional moment values were observed in the autograft group and the lowest in the medical grade polycaprolactone and tricalcium phosphate composite group. The study results suggest that scaffolds based on aliphatic polyesters and ceramics, which are considered biologically inactive materials, induce only limited new bone formation but could be an equivalent alternative to autologous bone when combined with a biologically active stimulus such as bone morphogenetic proteins.
Introduction
The vast majority of fractures and bone defects heal spontaneously. The bone healing process is generally stimulated and directed by well-balanced biological and microenvironmental determinants. Nowadays, improved surgical techniques, implant designs and perioperative management strategies aim to account for these factors and have procured better treatment outcomes of complex fractures and other skeletal defects [1] [2] [3] . However, an imbalance of bone regeneration enhancing factors as found in compromised wound/soft tissue environments or biomechanical instability can result in large defects with limited intrinsic regeneration potential [4] . In humans, the tibial diaphysis represents the most common anatomical site for segmental bone defects to occur. This is related to the minimal muscle and soft tissue coverage on its anteromedial surface which both increases the risk of bone loss and complicates treatment [5] . Segmental defects still represent a considerable surgical, socioeconomic and research challenge, and greatly influence patients' quality of life [5, 6] . Commonly, such defects are treated by transplantation of bone autografts to augment and accelerate bone regeneration [7, 8] . The application of autografts, however, is associated with prolonged anaesthetic periods, limited availability, donor site morbidity (persistent pain and haemorrhage), risk of infection and predisposition to failure [9, 10] . To avoid the limitations associated with the current standard treatment modalities, recent research has focused on scaffold-based bone engineering. In tissue engineering, applied scaffolds initially must provide sufficient mechanical strength and stiffness to substitute for the lost mechanical function in diseased or damaged tissues. Yet, scaffolds may not necessarily be required to provide complete mechanical equivalence to healthy tissue, but the stiffness and strength should be sufficient to provide structural support and allow transmission of regeneration enhancing forces to the host tissue site. Cell turnover and tissue remodelling are important to achieve stable biomechanical conditions and vascularisation at the host site. Hence, the three-dimensional (3-D) scaffold/tissue construction should maintain sufficient structural integrity during the in vitro and/or in vivo growth and remodelling process. The effective scaffold can be altered by selecting base materials of different moduli and/or varying scaffold porosity and pore architecture.
Bioresorbable aliphatic polyesters, such as polyglycolide, polylactide, polycaprolactone (PCL) and their copolymers, are suitable materials for the design and fabrication of biocompatible scaffolds due to only minimal inflammatory and immunological responses evoked. This is reflected in their track record for regulatory approval and available devices for clinical applications [11, 12] . These materials offer favourable surface chemistries for cell attachment, proliferation and differentiation, while degradation byproducts are nontoxic and metabolised/eliminated via natural pathways. Furthermore, these thermoplastic polymers can easily be processed into 3-D scaffolds with the desired geometry and controlled porosity and interconnectivity applying modern computer-based solid free-form fabrication methods [13] . These methods allow the design of scaffolds with biomechanical properties within the lower range of cancellous bone.
In this study, it was postulated that custom-designed cylindrical scaffolds that display similar mechanical properties to cancellous bone might be suitable to augment segmental bone defects of the tibia.
Materials and methods

Scaffold fabrication and preparation
Scaffolds with two different material compositions (Fig. 1 ) measuring 18 mm in diameter and 20 mm in height were fabricated as reported elsewhere [14] . Briefly, the structural parameters of the scaffolds were tailored by computer-aided design and included 100% pore interconnectivity within a pore size of 350-500 μm size and a 0/90°lay-down pattern (Fig. 1) . This architectural layout is particularly suitable for load-bearing tissue engineering applications since the fully interconnected network of scaffold fibres can withstand physiological and mechanical stress in a manner similar to cancellous bone graft for up to three months [15, 16] . Moreover, the architectural pattern allows retention of coagulating blood during the early phase of healing, and bone ingrowth at later stages. Prior to surgery, all scaffolds were treated with 1 M NaOH for six hours and washed five times with phosphate-buffered saline (PBS). Scaffold sterilisation was achieved by incubation in 70% ethanol for five minutes and UV irradiation for 30 minutes. For technical reasons, the medical grade polycaprolactone-tricalcium phosphate (mPCL-TCP) scaffolds were produced as cylinders. Prior to scaffold sterilisation, a biopsy punch (diameter six mm) was used to produce an inner duct to leave a scaffold comparable to the poly(L-lactide-co-D,L-lactide) (PLDLLA)-TCP-PCL scaffolds regarding shape and structure.
Biomechanical testing of scaffolds
Compression tests were performed on an Instron 5848 testing system (Instron, Melbourne, Australia) with a 500 N load cell (n=6). The specimens were compressed at a rate of 1 mm/ min up to a strain level of approximately 5%. During the testing period, samples were kept in PBS under ambient conditions. The compression modulus was calculated and the compressive stiffness was determined from the stress-strain curve as the slope of the initial linear portion of the curve.
Segmental defect model
Twelve merino sheep (weight 45±2 kg, age seven years) were operated upon as approved by the University Animal Ethics Committee of the Queensland University of Technology, Brisbane, Australia (Ethics No.: 0700000915). All animals were in good health but of small stature (related to the geographic and climatic conditions in central Queensland, Australia). Animals were placed in right lateral recumbency. The right hindlimb was shaved and disinfected thoroughly. Under general anaesthesia, the tibia was exposed medially by a longitudinal 10-cm incision. A nine-hole, 4.5-mm narrow, limited contact locking compression plate (LC-LCP, Synthes) was applied to the anteromedial tibia. The implant, a modern internal fixation system, was chosen since it had previously been used with success to stabilise an experimental fracture in sheep femora (Wullschleger et al., unpublished data). The osteotomy lines were marked with a rasp, the plate was removed, the soft tissue in the designated defect area detached from the bone and parallel osteotomies perpendicular to the bone's longitudinal axis were performed with an oscillating saw (Stryker, Brisbane, Australia) under constant irrigation. Care was taken to completely remove the periosteum within the defect area. The bone fragments were realigned and fixed applying the LC-LCP with three bicortical screws proximally and three screws distally to leave a defect gap of exactly two cm size. Defects were left untreated, filled with autologous cancellous bone graft from the iliac crest or mPCL-TCP or PLDLLA-TCP-PCL scaffolds (Fig. 2) . The wound was closed in layers, sprayed with OPSITE (Smith & Nephew, Mt. Waverley, Australia), covered with pads and bandaged with hard plaster (Vet-lite, Runlite SA, Micheroux, Belgium). The animals were held in a suspension trolley for 24 hours to allow recovery from anaesthesia prior to release into a paddock. The animals were allowed unrestricted weight-bearing. After 12 weeks, the animals were euthanised by intravenous injection of 60 mg/kg pentobarbital sodium (Lethabarb, Virbac, Australia).
Radiographic analysis
Immediately after surgery, after six and 12 weeks, conventional X-ray analysis (Phillips BV26) in two standard planes (anterior-posterior and medial-lateral) was performed to assess bone formation.
Biomechanical testing
Both ends of the tibiae were embedded in 80 ml Paladur (Heraeus Kulzer GmbH, Wehrheim, Germany) and mounted in an Instron 8874 biaxial testing machine (Instron, Melbourne, Australia). Care was taken to prevent samples from drying out. A torsion test was conducted at an angular velocity of 0.5°/s and a compressive load of 0.05 kN until the fracture point was reached (right tibiae counterclockwise, left tibiae clockwise). The contralateral tibia was used as a paired reference. The torsional moment (TM) and torsional stiffness (TS) were calculated from the slope of the torque-angular displacement curves and normalised against the values of the intact contralateral tibiae.
MicroCT analysis
For microCT analysis (μCT 40, Scanco, Brüttisellen, Switzerland), samples were scanned with a voxel size of 16 μm. The X-ray tube was operated at 55 kV and 145 μA. The image matrix size was 1,024×1,024 pixels. Samples were evaluated at a threshold of 220 HU, a filter width of 0.8 and filter support of 1.0. Bone volume within the defect, bone mineral density as well as trabecular number were quantified using software supplied by Scanco.
Histology
Specimens were fixed in 10% neutral buffered formalin and the mid-defect regions were sectioned in the transverse and sagittal planes. Callus tissue composition was evaluated on 6-μm-thick methyl methacrylate (Technovit 9100 NEU, Heraeus Kulzer, Wehrheim, Germany) embedded sections, stained with safranin orange/von Kossa (mineralised tissue black) and Movat's pentachrome [17] to demonstrate bone (yellow), cartilage (deep green) and fibrous tissue (light green-blue).
Statistical analysis
Statistical analysis was carried out using a two-tailed MannWhitney U test (SPSS 16.0), and p values <0.05 were considered significant. Correlation coefficients were calculated using the respective function in Microsoft Excel 2008 version 12.2.0.
Results
Scaffold characterisation
To achieve scaffolds of similar mechanical properties, melt extrusion/fused deposition modelling (FDM) parameters for the PLDLLA-TCP-PCL blend had to be adjusted to include filaments of larger diameter, which consecutively resulted in smaller pore size (Fig. 1) (Fig. 1) .
In vivo performance of mPCL-TCP and PLDLLA-TCP-PCL scaffolds Conventional X-ray analysis in two planes after 12 weeks showed a subcritical nature of the defect as defect bridging was observed in all animals of the empty control group. It was also found that minor plate bending (10-15°) had occurred in four animals. These animals were either treated with autologous bone graft (ABG) (two) or were left untreated (two). No screw loosening, implant breakage or tibial valgus deformity was observed. Only minor external callus and bone formation was observed in the scaffold groups. Callus was found to be located mainly posterolaterally. In all defects reconstructed with ABG, however, full defect bridging had occurred (Fig. 3) . During dissection of the amputated limbs no macroscopic signs of inflammation/foreign body response to the implanted scaffolds were observed.
Von Kossa/van Gieson staining on histological polymethyl methacrylate (PMMA) sections (Fig. 4) revealed good scaffold integration with the host bone while the structure of the transplanted scaffold was well preserved. No signs of scaffold resorption were evident. The highest amounts of mineralised tissue (black) appeared in the ABG group. Both in the ABG and empty control groups more extensive new periosteal bone formation was observed on the posterolateral side (Fig. 4a, b and e, f) only a little Fig. 2 Tibial segmental bone defect of 2 cm length stabilised with a limited contact locking compression plate (LC-LCP, Synthes) and filled with a PDLLA-TCP-PCL (a) and mPCL-TCP scaffold (c). Prior to scaffold insertion, the periosteum (b), which is in close proximity to the neurovascular bundle, was entirely removed within the defect area (d) medially close to the plate. In contrast, bone formation evident in the scaffold groups appeared to be endosteal (Fig. 4c, d) . No increased levels of inflammatory cells were found in sections of scaffold-treated defects. In any case, bone formation seemed to occur through chondral stages (endochondral bone formation) (Fig. 4i) leading to subsequent osteoid formation (Fig. 4j) as assessed in Movat's pentachrome stainings. In the ABG reconstructed defects first signs of bone remodelling processes were observed represented by osteoclastic and giant cells within the defect site (Fig. 4k) .
Biomechanical testing (Fig. 5a ) revealed higher TM values for the ABG (median=18.67 %) and PLDLLA-TCP-PCL (14.46 %) groups when compared to the mPCL-TCP group (4.96 %) or empty control (11.19 %). MicroCT evaluation correlated well with the biomechanical testing data (correlation coefficient 0.902) and confirmed the histology results showing the highest amount of bone formation in defects reconstructed with ABG (47.64%). Lower amounts of bone were recorded for the empty defects (31.7%) and the PLDLLA-TCP-PCL-augmented defects (30.43%), while a relative bone volume of only 11.96% was found for the mPCL-TCP-treated animals. Similar trends were reflected in the quantitative analysis of trabecular number (1/mm) and connectivity density (1/mm 3 ), which again showed highest values for the ABG (2.28/mm; 9.91/mm 3 ) followed by PLDLLA-TCP-PCL (1.14/mm; 7.71/mm 3 ), empty control defect (0.73/mm; 5.47/mm 3 ) and mPCL-TCP-filled defects (0.39/mm; 2.22/ mm 3 ). No differences in mineral density of the newly formed bone were found between the different groups (Fig. 5) .
Discussion
Well-established clinical therapeutic approaches for long bone reconstruction are restricted to bone transport or autograft and allograft transplantation. Bone grafts possess osteoconductive and osteoinductive properties, are however limited in access and availability and associated with donor site morbidity, haemorrhage, risk of infection, insufficient transplant integration, graft devitalisation and subsequent resorption resulting in decreased mechanical stability [9, 10] . As a result, recent research has focused on the development of alternative therapeutic concepts. The field of tissue engineering has emerged as an important approach to bone regeneration. Critical variables in scaffold design and function include the bulk material or components the bulk material consists of, 3-D architecture, surface chemistry, mechanical properties, the initial environmental conditions in the area around the scaffold and the environment surrounding the scaffold later on in the regenerative process, which is often determined by degradation characteristics. Scaffolds for the treatment of criticalsized segmental defects of the tibia and femur will have to meet certain minimum requirements from a biochemical, chemical and physical perspective. Scaffolds are not required to provide complete mechanical equivalence to the long bones, but stiffness and strength should be sufficient to at least support and transmit a fraction of the forces to the host tissue site, similar to autografts harvested from the iliac crest.
Long bone engineering approaches require scaffolds that balance temporary mechanical function with morphological properties (pore architecture, size and interconnectivity) to aid biological delivery and tissue regeneration. Such complex scaffold architectures can be achieved using layer-by-layer manufacturing processes (solid free-form fabrication) such as FDM [18] .
Aliphatic polyesters such as PLLA/PDLA, PLLLA/ PGA, PCL and others have demonstrated excellent safety profiles in multiple in vitro, animal and clinical studies and have received approval for clinical applications mainly in the oral and maxillofacial region [19] [20] [21] . Polymer/calcium phosphate composites such as mPCL-TCP or PDLLA-TCP-PCL confer favourable mechanical and biochemical properties, including strength via the ceramic phase and toughness and plasticity via the polymer phase. They possess more favourable degradation and resorption kinetics, and Homogeneous bone formation and bridging throughout the defect was observed when treated with ABG. Less bone and discontinuous bridging occurred in the scaffold groups graded mechanical stiffness. Contact angle measurements have shown that such composite surfaces are more hydrophilic and that the degradation kinetics are accelerated three to four times compared to PCL alone. Biochemical advantages include improved cell seeding, and enhanced control and/or simplification of the incorporation and immobilisation of biological factors, such as bone morphogenetic proteins (BMP). So far, such composite scaffolds have been tested in a pig skull defect as well as in a spinal fusion model with promising outcomes [22] . In this study, the porosity of mPDLLA-TCP-PCL scaffolds had to be reduced significantly in order to achieve scaffolds with comparable mechanical properties to mPCL-TCP scaffolds.
To assess the effects of implanted bone grafts and tissue engineered constructions on segmental long bone defect regeneration, a number of large animal models have been established. In particular, mature sheep closely resemble human bone turnover and remodelling [23] . Moreover, sheep possess a body weight comparable to adult humans, and long bone dimensions enabling the use of human implants [24] . Osseous defects to study bone repair are postulated to be of dimensions precluding spontaneous healing [25] . These critical-sized defects are defined as the smallest size intraosseous wound in a particular bone and species of animal that will not heal spontaneously during the lifetime of the animal. Apart from size, a critical defect in long bones is influenced by factors such as species, anatomical location, associated periosteum and soft tissue, and biomechanical conditions in addition to age, metabolic and systemic influences and related comorbidities [26] . In Fig. 4 Von Kossa/van Gieson staining on PMMA embedded specimens (a-d) showed extensive bone formation (black) and bridging in the autograft group (b, f), considerably less bone formation and nonunion in the empty control (a, e) and the scaffold groups (mPCL-TCP: c, g; PDLLA-TCP-PCL: d, h). Histology results correlated well with 3-D microCT reconstructions of the defects (e-h). Movat's pentachrome staining (i-k) suggested endochondral bone formation in all groups (i, cartilage, green) with subsequent osteoid formation (j). In the autograft group, first signs of bone remodelling were evidenced by osteoclasts and giant cells within the defect area (k) our study a defect size of 2 cm was chosen since a previous literature search had shown that a 2-cm defect was the smallest critical-sized defect described in sheep tibiae [24] . Nevertheless, it was proven to be not of critical size within the settings selected for this study.
In humans, intramedullary nailing is a commonly chosen treatment modality for diaphyseal fractures and defects of the lower extremity. Since these central load carriers are less susceptible to tilting in the frontal plane, custom-made intramedullary nailing systems have been applied for fixation of large segmental bone defects in animal models [24] . In the context of tissue engineering, however, intramedullary stabilisation can impede the placement of a solid, one-piece load-bearing scaffold and necessitates two surgical approaches. Alternatively, external fixators have been widely used as they offer versatility and ease of application [10] . However, with external fixators, healing periods are reported to be significantly longer [27] , External fixators represent a burden exceeding the physiological circumference of the animal limb and are prone to infection and pin loosening, especially in long-term studies. Therefore, defect fixation with plates or internal fixators offers considerable advantages. In this study, however, the 4.5-mm narrow LC-LCP might not have been strong enough as plate bending occurred in some animals. Due to the flexibility of the fixation device, callus formation (posterolaterally) was observed in the non-treated controls. It was concluded that the implant deformation resulted from critical loads (valgus stress) occurring during the act of the animal standing up from a lying position. However, while the implant was proven not to be strong enough in an immediately fully weight-bearing animal model, this should not be interpreted as having implications for the treatment of similar conditions in humans, since compliant patients can be advised to only partially weight bear and to avoid critical loads that might cause implant failure.
Both scaffold types under investigation did not perform as well as the gold standard treatment represented by the ABG. Both scaffolds showed good biocompatibility and sufficient mechanical strength. Combining a novel, biocompatible and biomechanically suitable scaffold such as mPCL-TCP or PDLLA-TCP-PCL with osteogenic cells (mesenchymal stem cells, osteoblasts) or a bone growth stimulating agent, e.g. recombinant human BMP 7 (rhBMP-7) [28] [29] [30] [31] , may enhance the treatment of large segmental bone defects without the need for vascularised autografts, non-vascularised autografts and/or allografts and could therefore represent a clinical alternative to bone autografts for the reconstruction of large tibial and femoral defects. 
